Intravenous placement of an epidural catheter is recognised as a potentially fatal complication of epidural anaesthesia. Despite numerous published methods aiming to identify intravenous placement of epidural catheters, there is no single fail-safe technique. Up to 10% of epidural catheters may be initially inserted intravascularly, with up to 1% going undetected 1 .
The practice of flushing epidural catheters before insertion has been recommended, to identify catheters with non-patent orifices 2 and to prime the system with local anaesthetic. This practice seems sensible, as Leighton et al 3 reported manufacturing defects in four out of 10 multi-orifice 20 gauge (G) catheters, from two separate manufacturers. Of these, one catheter had no patent orifices, one had two orifices only and a further two catheters had orifice asymmetry.
If an epidural catheter is inserted intravenously, the rate of blood flow along the catheter will depend on the pressure gradient between the two ends of the catheter (i.e. epidural venous pressure at one end and atmospheric pressure at the other end, plus the influence of gravity), together with capillary pressure, due to molecular forces between the blood and the catheter walls. Capillary pressure is not insignificant, given the narrow diameter of epidural catheters and the relatively low epidural venous pressures of approximately 8 mmHg 4, 5 . Flushing the epidural catheter negates the effect of capillary pressure and therefore would be expected to decrease flowrates. A detailed description of the physical basis of our hypothesis, together with estimated flowrates, can be found in the Appendix.
SUMMARy
Undetected intravenous placement of epidural catheters is rare but potentially fatal and no perfect identification method exists. Epidural catheters may be flushed before insertion to identify faulty epidural catheters, or to prime the system with local anaesthetic. We hypothesised that flushing epidural catheters before insertion may delay the detection of intravenous placement. We investigated our theory using both in vitro and in vivo models. The in vitro component examined flowrates in flushed and unflushed epidural catheters, using conditions designed to mimic epidural venous pressure. The in vivo component examined the flow within flushed and unflushed epidural catheters inserted into the forearm veins of 20 anaesthetised patients, using a randomised crossover design. The end-point utilised for both components was the time taken for frank blood to reach the 20 cm mark on the epidural catheter. Blood flow to the 20 cm mark on the epidural catheter was significantly faster in the unflushed catheters than the flushed catheters, both in vitro and in vivo (in vitro, unflushed We tested the hypothesis that flushing epidural catheters with saline before their insertion may delay the ability to detect an epidural catheter that is located fully or partially within a vein.
METHODS
With prior approval from the Human Research Ethics Committee of the Royal Melbourne Hospital, we conducted in vitro and in vivo studies.
In vitro study
This was carried out in conjunction with the Department of Chemical and Biomolecular Engineering at the University of Melbourne. The study was performed over half a day using a single unit of citrated whole blood obtained from the Australian Red Cross blood service. A custommade glass vessel was filled with the blood to a predetermined height, such that the pressure at the point of entry of the epidural catheter was 8 mmHg, as would be expected in an epidural vessel 4, 5 . This height was calculated from the density of the blood sample used, which was measured at 37°C using a density bottle to be 1057 kg/m 3 , in agreement with published data 6 (see Appendix for calculation). The apparatus was designed so that the small amount of blood drained from it in each experiment did not significantly affect the pressure at the base. The unit was sealed with a thin plastic self-sealing film (Novix-2™, iwake Clinical Test Ware, Japan) that was liquid-tight, but easily pierced by the epidural catheter.
A water-jacket connected to a recirculating water-bath (Thermomix BH and Frigomix U, B. Braun Biotech international), ensured that the temperature of the blood was maintained at 36.5 to 37°C. Epidural catheters were inserted into the vessel to a standardised, predetermined length, so that all three orifices lay within the body of the vessel, and the stopwatch was commenced once the seal into the vessel was breached. The catheter was horizontal and kept level with the insertion point to avoid any extra pressure contributions due to gravity. The time taken for blood to be seen at the 20 cm mark on the epidural catheter was recorded. The procedure was alternated, for both empty/ unflushed epidural catheters and epidural catheters that had been primed by flushing with normal saline so that they contained a continuous column of fluid within the catheter. if air bubbles were seen in the catheter during the procedure, the reading was repeated. The temperature and the height of the column of blood within the glass vessel was checked before each measurement and the fluid level topped up if necessary, to ensure that constant temperature and pressure were maintained throughout the experiment.
In vivo study
The sample size for the in vivo study was based on an in vitro pilot study using methylene blue (effect size=5 s [means 10 and 15 s for unflushed and flushed catheters respectively]; SD=5 s; α=0.05; power=0.8). The calculated sample size of 16 was rounded up to 20 in order to allow for any problems with data collection.
Twenty patients undergoing non-cardiac surgical procedures at the Royal Melbourne Hospital were recruited. Patients fulfilled the inclusion criteria if they were aged over 18 years, were of American Society of Anesthesiologists (ASA) physical status 1 to 3 and were undergoing their surgical procedure under general anaesthesia. Patients were excluded if they were unable to give informed consent (due to language barrier or cognitive or intellectual disability), had difficult venous access, a bleeding disorder or an underlying renal disorder (in order to avoid damage to forearm veins). The order in which unflushed and flushed catheters were tested was randomised using a randomisation plan based on the sample size of 20 patients (www.randomization.com).
Following induction of general anaesthesia, an 18 gauge Insyte ® (Beckton Dickinson, U.S.A.) intravenous cannula was inserted into a forearm vein. The cannula was not flushed. The epidural catheter supplied with an 18 gauge epidural kit (Portex, U.K.) was inserted with the assistance of the introducer supplied with the kit. The introducer was fixed to the end of the cannula and the opening of the introducer was sealed using an adhesive Tegaderm™ dressing (3M Health Care, Germany). The catheter was inserted through the introducer and cannula into the vein until the 8 cm mark on the epidural catheter lay just distal to the introducer. This ensured that all three sideports of the catheter lay intravenously. The time taken for blood to flow to the 20 cm mark on the epidural catheter was recorded (as in the in vitro study), starting the stopwatch at the time that the Tegaderm™ was breached (a definite 'give' was evident). The arm and the epidural catheter were kept horizontal and at the same level during the study. The procedure was repeated for both flushed and unflushed epidural catheters, in a randomised sequence. Where the catheter was to be flushed with saline before testing, every effort was made to ensure that the catheter contained only saline, without air bubbles. The study arm was not used for intravenous fluid infusion or for non-invasive blood pressure measurements during the measurement process. Where possible, the contralateral side to the existing intravenous cannula was selected. The study was carried out by a single investigator, in order to best standardise the method used.
Statistical analysis
Due to the small number of measurements and their non-normal distribution, data were summarised using median (range) and compared using sign rank (paired data) and Wilcoxon rank sum or Kruskall-Wallis tests (unpaired data). P <0.05 was considered statistically significant.
RESULTS

In vitro component
Results are presented in Table 1 . On two occasions, air was seen at the saline-blood interface. This was noted and a repeat measurement made. The median time for blood flow to the 20 cm mark was 18.6 s (range: 18.0 to 20.5 s) in the unflushed catheters and 36.9 s (32.6 to 91.2 s) in the catheters flushed with saline. When the measurements in which air was noted were excluded, the mean time to the 20 cm mark in the flushed catheters was 37.6 s (32.6 to 89.8 s). The flowrate was significantly faster in the unflushed catheters when compared to the catheters that had been flushed with saline (P=0.0009).
In vivo component
A total of 20 patients were recruited and all patients completed the study. There were 12 males and eight female patients, with ASA physical status of 1 (11 patients) or 2 (nine patients). The median age was 33 years (range: 21 to 67 years) and weight 80 kg (51 to 120 kg). The patients were equally divided by randomisation for the order in which the catheters were to be tested.
The median time for blood to flow to the 20 cm mark in the unflushed catheters was 9.2 seconds (range 5.0 to 35.3 seconds; n=19) ( Table 2 ). Data from one patient was excluded, as no flow was seen in the epidural catheter at more than 45 s, although flow had been seen just prior into a flushed catheter, as per randomisation. Following the unsuccessful measurement, it was also noted that there was no flow of blood from the intravenous cannula, although the cannula flushed easily, indicating that it had remained intravenous.
While every effort was made to eliminate air from the flushed catheters, this was more difficult to achieve in vivo than it had been in vitro. Catheters that were flushed with saline could be divided into two groups, either with or without air in the catheter, as in the in vitro study. In order to best replicate the results obtained in vitro, if air was noted in the system on the first measurement, the measurement was then repeated, in an attempt to obtain a measurement without a saline/ air/ blood interface.
Measurements using the flushed catheter were obtained in 19 of the 20 patients. In one patient, no flow within the catheter was seen at more than 60 s and the measurement was abandoned. Twenty-six measurements were recorded from the remaining 19 patients, the duplications being accounted for above. Overall, the median time taken for flow to the 20 cm mark was 19. (paired data, taking the measurement as the first measurement obtained with a flushed catheter, regardless of the presence or absence of air). However, a larger difference was evident if air was successfully excluded from the system (P <0.0001, for paired data n=11).
DiSCUSSiON
This study was designed to investigate the effect of flushing an epidural catheter with saline before insertion on the subsequent rate of blood flow along the catheter. The results of both the in vitro and in vivo components of our study demonstrate that blood flow is significantly faster in an empty or unflushed epidural catheter. This can be attributed to the effect of capillary pressure, namely the pressure generated by the attractive forces present between the fluid molecules and the epidural catheter itself. The influence of capillary pressure assumes a relatively greater contribution as a result of the low epidural venous driving pressures. Flushing the epidural catheter before insertion eliminates the contribution of capillary pressure to the rate of flow, thus decreasing it. The time required for the blood to reach the 20 cm mark of the catheter in the unflushed case was predicted to be 67% of that required for a flushed catheter (see Appendix). The observations correlated reasonably well with this prediction, particularly in vivo, as the median flow time for the unflushed catheters was 49% of that for the flushed catheters (without air bubbles) in vitro and 62% in vivo.
Times were significantly longer than those predicted for water (see Appendix), as would be expected because of the higher viscosity of blood and its shear thinning behaviour that increases viscosity at low flowrates.
The study also demonstrated that there was variation in the rate of blood flow which was more pronounced in vivo than in vitro. Unflushed catheters demonstrated less variation than flushed catheters. For the flushed catheters, the presence of a saline-air-blood interface further decreased the passage of blood along the catheter and increased variability. The orientation of the orifices within the vein could potentially influence the rate of blood flow along the catheter and the formation of air bubbles. We did not attempt to standardise the position of the orifices and in the clinical setting the orientation is also likely to vary. Clot formation around the catheter decreasing the backflow of blood may have had an effect in vivo.
As clot formation is likely to correlate with the duration of cannulation, we aimed to minimise any overall effect on the results by randomising the order in which we tested the unflushed and flushed catheters. In this study, the presence of valves within the vein may also have affected the flow of blood, although this effect should have been the same for results obtained from a single patient, as the length of catheter within the vein was standardised. When applying the results to the insertion of epidural catheters clinically, orientation of catheter orifices and clot formation will vary, and the presence of valves is irrelevant, as the vessels in the epidural space do not contain valves.
While we aimed to replicate conditions likely to exist in the clinical situation in both components of the study, we recognise that there were a number of possible limitations. For the in vitro component, citrated whole blood would differ in its rheology and interfacial properties to blood in vivo [7] [8] . The use of a single fresh unit on a single day, together with consecutive measurements alternating unflushed and flushed catheters, aimed to minimise other potential sources of variability. The conditions at which each measurement was made were kept constant by repeatedly monitoring the temperature and the height of the blood column.
For the clinical component, we used peripheral forearm veins which we recognise are different from epidural veins, due to the presence of valves. Similar flowrates in both epidural and forearm veins would be expected, as the venous pressure is similar (approximately 7 mmHg) 9 . The epidural catheter was inserted to a predetermined point, so that the length of catheter within the vein was approximately the same, thus minimising any effect due to the presence of valves. However, it is possible that intravenous valves may have affected some results, particularly those with slower flowrates. Clinically, epidural venous pressure will vary with patient position, pregnancy and labour and other intravenous pressures. Within the study, differences in peripheral venous pressures, for example due to vessel diameter, spontaneous versus mechanical ventilation, systemic pressure variation and posture, would have affected flowrates. The use of paired data should minimise this effect, which is also likely to exist clinically.
Multi-orifice epidural catheters have been shown to confer advantages, including a decreased incidence of occlusion 10 and increased identification of intravenous placement 11, 12 , and are commonly used in clinical practice. However, there is the potential for a catheter to be located partly within a blood vessel. The study design does not allow us to investigate the effect of multi-compartmental positioning on flowrates.
in conclusion, epidural catheters may be flushed before insertion both to prime the catheter/filter system (usually with local anaesthetic agent) and to identify faulty epidural catheters. However, as the findings from this study have demonstrated, the effect of flushing the catheter on the likelihood of detection of intravenous placement must also be considered. The theoretical basis to explain this could also be extrapolated to the expected rate of flow of cerebrospinal fluid for intrathecal placement, although a further difficulty is the differentiation of cerebrospinal fluid and saline.
Flushing an epidural catheter before insertion is likely to decrease the likelihood of identifying intravenous placement. The use of unflushed epidural catheters cannot be recommended as a reliable test to exclude intravenous placement, but may be used in conjunction with other methods that aim to identify intravenously placed epidural catheters. Where catheters are inserted unflushed, the possibility of a faulty catheter must also be borne in mind, although the majority of catheters with major defects in patency should be identified by increased resistance to injection once in situ, provided the same size syringe is used routinely. When it comes to recognition of misplaced epidural catheters, no single test is foolproof and there is no substitute for the continued presence of a vigilant anaesthetist.
This makes it difficult to predict exact flowrates for blood, particularly at the very low flowrates expected in this study at which the viscosity of blood increases significantly 6 . Therefore, an experimental study was designed to test the hypothesis proposed. In vitro and in vivo components were included because the in vitro component alone could not account for interpatient variability or the potential effects of adding citrate and storing whole blood on its interfacial and flow properties.
Fluid flow along narrow epidural catheters occurs due to the pressure differential between the inlet and outlet, including that due to gravity, and by capillary pressure, due to attractive forces between the fluid molecules and the catheter itself. In a correctly placed epidural catheter, the pressure at the inlet would be atmospheric pressure, and that at the outlet would be the epidural space pressure, which is low. If the catheter is placed in an epidural vein, the pressure at the outlet would be approximately 8 mmHg 4 . The low driving pressure increases the relative contribution of capillary action to the flowrate.
For the in vitro arm of the study, the height of blood (h) required to produce a hydrostatic head equivalent to the epidural venous pressure at the base of the column was calculated using the measured density of the blood, ρ, as follows:
where ΔP is the pressure difference across the column and g is the acceleration due to gravity. This height was marked on the outside of the apparatus using digital calipers.
The expected flowrates can be estimated as follows. The average velocity of a fluid in a smooth tube undergoing laminar flow is calculated via the Hagan Poiseuille equation:
where ΔP is the pressure difference, µ is the fluid viscosity, L is the length of the catheter, u is the fluid velocity and d is the tube diameter.
The capillary pressure can be estimated as:
where ΔP c is the pressure difference due to capillary action, γ is the interfacial tension of the fluid, θ is the contact angle of the fluid on the catheter surface and r is the internal radius of the catheter.
Calculations were performed using the properties of water at 37°C because of the difficulties outlined above in determining the shear and time-dependent viscosity of blood. These serve as a guide for the experiments and provide an indication of the differences in flowrates to be expected between flushed and unflushed catheters. The capillary pressure in an 18 gauge catheter (internal diameter 0.45 mm) was estimated to be 650 Pa, assuming that the fluid completely wets the walls of the catheter, i.e. θ=0. This is not insignificant in comparison with the epidural venous pressure (approximately 1070 Pa) 4, 5 . The resulting flowrates for a 20 cm long catheter would be 4.9 cm/s for a flushed catheter and 7.9 cm/s for an unflushed catheter. Thus, the expected times for flow to the 20 cm mark of the catheter would be 4.1 s and 2.6 s, respectively. A very similar ratio of flow times can be predicted for blood, using equations (2) and (3), with the surface tension of blood 8 and assuming that the blood also completely wets the walls of the catheter (θ=0). So, the following relationship is predicted for blood:
Diffusion of blood components could also occur along a liquid filled catheter: however the time scales for this would be much longer than the times for pressure driven flow, making its contribution insignificant. Hence a significant difference in the time required to observe back flow along the catheter would be expected, depending on whether the catheter was initially flushed with solution or not.
From this, it would follow that intravascular placement would be more readily identified by an empty catheter than by one flushed with saline. 
